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ABSTRACT
A scroll expander design has been developed for use in carbon dioxide air-conditioning cycles operating in high
ambient conditions.  The expander efficiency is projected to be 70% based on design study and analysis.  Cycle
analysis, used to establish expander operating conditions, indicates that system power input will be reduced about
20% for a system using a 60%-efficient expander.  Analysis shows that the most attractive approach for utilization
of expander shaft power is to use it to offset compressor shaft power in an integrated compressor/expander unit.
3. INTRODUCTION
The use of CO2 as a refrigerant has been receiving attention recently because it is a “natural” refrigerant which is not
flammable or toxic.  Furthermore, it is inexpensive, widely available worldwide from numerous suppliers, and not
subject to venting restrictions.  The major challenge is to design a cost-effective, efficient system that accommodates
the unique characteristics of CO2, which differ from those of fluorocarbon refrigerants.
Both theoretical and experimental studies have concluded that the thermodynamic cycle efficiency of transcritical
CO2 systems is lower than that of conventional fluorocarbon-based vapor compression systems, particularly at high
ambient temperatures.  A decrease in system efficiency could negate part or all of the environmental advantage of
the CO2 system by increasing its indirect contribution to global warming due to the higher energy consumption.
Furthermore, it would be unacceptable in either military or commercial markets to introduce systems with lower
efficiencies than existing units. An approach to improving the efficiency of transcritical CO2 systems must be found
in order to spur commercialization.  Fortunately, such an opportunity exists in recovering the large losses that occur
during the expansion process of the refrigerant between the exit of the high-pressure gas cooler and the evaporator.
In theory, recovery of energy lost in the expansion process of a vapor compression cycle is of interest for any
refrigerant.  However, due to the large losses of expansion of CO2, attributable to the high operating pressures,  a
work recovery device is particularly important [see, for example, Heidelck and Kruse (2000), Robinson and Groll
(1998)].   The work described in this paper addresses development of an energy recovery scroll expander design for
use in a military environmental control unit (ECU).
The U.S. Army has developed and fielded a family of electronic shelter ECUs, ranging in capacity from 6,000
Btu/hr [1.8 kW] to 60,000 Btu/hr [17.6 kW].  There are currently about 20,000 of these ECUs under deployment or
in inventory.  Expanding use of electronic equipment on the battlefield will lead to procurement of more ECUs in
the future, especially in the larger capacity sizes.  The expander design described in this paper is based on
application of CO2 air-conditioning technology to a 36,000 Btu/hr [10.5 kW] horizontal ECU.  The performance and
physical specifications of current and future Improved ECUs (IECUs) for this unit are shown in Table 1 below.  The
IECU program, based on use of HFC refrigerants, is currently in development phases and is not in production.
The U.S. Army’s interest in ECUs using CO2 refrigerant is based on the following anticipated benefits.
• Elimination of logistics costs for equipment, procedures, and training associated with refrigerant recovery,
which is required for the HCFC and/or HFC refrigerants used with the current ECU and planned for the IECU.
CO2 does not require recovery, since it can be vented.
• Potential for reduction in size and weight of refrigeration circuit components.
• Reduced impact on environment, since CO2 has net zero Global Warming Potential, assuming there is no
efficiency penalty associated with the change in refrigerant.
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Table 1:  Performance Specifications for 36,000 Btu/hr [10.5 kW] Horizontal ECUs
Current ECU IECU
Operating Temperature Range for Cooling (ºF [C]) Up to 120 [48.9] -25 to 125 [-31.7 to 51.7]
Cooling Capacity Total (Btu/hr [kW])
Capacity Rating Conditions—Ambient Temp (ºF [C])
    Evaporator Return Air Dry Bulb/Wet Bulb (ºF [C])
41,000 [12.0]
120 [48.9]
90 / 75 [32.2 / 23.9]
36,000 [10.5]
125 [51.7]
90 / 75 [32.2 / 23.9]
Maximum Power Input (kW) 13.5 10.0
Maximum Weight (lb [kg]) 435 [198] 395 [180]
Max Dimensions (in [mm]) Width x Height x Depth 38 x 27 x 35 [965 x 686 x 889]
References 3, 4
2. CYCLE ANALYSIS
Cycle analysis was carried out in order to determine the design operating conditions for the expander, to optimize
the design parameters, to determine the impact of the expander on the system design, and to assess operating
characteristics for off-design conditions.
Key assumptions made for the cycle analysis are as follows.
• Net capacity of 36,000 Btu/hr [10.5 kW] for ambient temperature of 125 ºF [51.7 C] and evaporator return
conditions of 90 ºF [32.2 C] dry bulb / 75 ºF [23.9 C] wet bulb temperatures.
• Evaporator capacity of 39,000Btu/hr [11.4 kW] to allow for evaporator blower/motor heat and losses.
• Evaporating temperature of 55 ºF [12.8 C], with 5 ºF [2.8 C] evaporator exit superheat.
• Maximum compressor discharge temperature close to 270 ºF [132 C].
• Gas Cooler exit temperature of 130 ºF and 135 ºF [54.4 and 57.2 C] (approach to ambient of 5 ºF and 10 ºF [2.8
and 5.6 C]).
• Use of a suction line heat exchanger (SLHX) was considered for systems with and without an expander.
• Efficiencies of 75% for the compressor, 60% and 70% for the expander, and up to 75% for the SLHX.
System performance for a range of system high pressures is summarized in Table 2 and plotted in Figure 1 for
systems with and without a SLHX for operation with 135 ºF [57.2 C] gas cooler exit temperature.
Table 2:  Carbon Dioxide System with Expander




























































































































Note:  These results are for operation with 135 ºF [57.2 C] gas cooler exit temperature
Some differences are apparent for the system without a SLHX as compared to the system with a SLHX:
• Mass flows are significantly higher for the system without SLHX in order to achieve the desired capacities.
• Expander power output is nearly doubled.  This is due to the increased mass flow and the increased temperature
of the expander inlet flow.
• The optimum high pressure is higher—in the range of 2,000 to 2,100psia [138 to 145 bar].  However, there is
little difference in the power input for a fairly wide pressure range from 1,900 to 2,300psia [131 to 159 bar].
• Net COP is identical to that of the system without SLHX.
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• Expander inlet volume flow is about 50% higher.
For the system with a SLHX, optimum high pressure is 1,900 psia [131 bar] and expander inlet volume flow is 0.3
cfm [0.082 cc/s], while for the system without a SLHX, the design high pressure would be selected as 2,000 psia









































































                               System with SLHX                                                               System without SLHX
Figure 1:  ECU Design-Point Mass Flow and Compressor/Expander Power
The isentropic expansion process represented in a
pressure/volume plot for the expander for a system
operating with a SLHX at 1,900 psia [131 bar] high
pressure and with 135 ºF [57.2 C] gas cooler exit
temperature is shown in Figure 2.  A large portion of
the expander work output is associated with intake
flow work.
A conservative assumption of 10 ºF [5.6 C] approach
to ambient in the gas cooler was made for initial
analysis.  However, approach temperatures down to 5
ºF [2.8 C] are reasonable.  Analysis results
summarized in Table 3 show that system efficiency
improves considerably for the lower approach
temperature.  The improvement is greater for the




































0 0.6 1.2 1.9 2.5 3.1 3.7
Figure 2:  Transcritical Expansion Process Pressure-
Volume Diagram
Table 3:  Impact of Gas Cooler Effectiveness
SLHX YES NO
High Pressure (psia [bar]) 1,900 [131] 2,000 [138]
GC Exit/Ambient Approach (ºF [C]) 10 [5.6] 5 [2.8] 10 [5.6] 5 [2.8]
Evaporator Δh (Btu/lb [kJ/kg]) 52.2 [122] 56.0 [131] 39.7 [93] 43.9 [103]
Mass Flow (lb/hr [kg/hr]) 748 [340] 696 [316] 982 [446] 888 [404]
Exp. Inlet Vol. Flow (cfm [cc/s]) 0.30 [0.082] 0.26 [0.071] 0.45 [0.123] 0.41 [0.112]
Shaft Power (hp [kW]):  Compressor
   Expander













Shaft Power Reduction (%) -- 7% -- 8%
Estimates of air-conditioning system power input for systems based on CO2 refrigerant (with and without an
expander) and a system using HFC refrigerant are compared in Table 4 below.  Information sources and key
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assumptions are listed under the table.  The results clearly indicate that the expander is required in order to achieve
system power parity with an HFC-based system for this extreme scenario of operation in 125 ºF [51.7 C] ambient.
The system efficiency improvement of utilizing the expander is 20% or more.










HFC-based refrigerant system 4.4 0.6 1.5 6.5
CO2 System without
expander, with SLHX
7.6 0.6 0.5 8.710F Gas-
Cooler
Approach CO2 System with 60%
expander
6.0 0.6 0.5 7.1
CO2 System without
expander, with SLHX
7.0 0.6 0.7 8.35F Gas-
Cooler
Approach CO2 System with 72%
expander
5.1 0.6 0.7 6.4
Notes:  1.   HFC data based on mockup system test results.  CO2 data based on calculations.
2. Evaporator blower shaft power 0.7 hp [0.52 kW], motor efficiency 86%.
3. Condenser blower shaft power 1.75 hp [1.3 kW], motor efficiency 86%.  Blower performance based on mockup
system test results:  2,900 cfm [1.4 m3/s] at 1.6 in wc [400 Pa], blower efficiency 40%.
4. For 10° F [5.6 C] gas cooler approach (difference between gas cooler exit temperature and ambient), gas cooler
air flow 1,100 cfm [0.52 m3/s] (temperature rise up to roughly 180 ºF [82 C]) at 1.2 in wc [300 Pa], blower
efficiency 40%, motor efficiency 86%.  Increased gas cooler fan power for 5° F [2.8 C] approach.
5. CO2 system with expander calculation based on use of expander power for compression.
3. SCROLL EXPANDER DESIGN
A pair of scrolls was designed based on the expander design operating conditions.   The design was based on a
system utilizing a SLHX, but would be adaptable to a non-SLHX system with some dimensional adjustments.
Operating conditions are as indicated by the 1,900 psia [131 bar] column of Table 2 for the SLHX system.  Key
design details are as follows.
• Machine speed 3,500 rpm
• Displacement: 0.11 cu in [1.8 cc]
• Volume Ratio: 2.5
• Scroll flank Outer Diameter: 2.2” [56 mm]
While the scroll dimensions are certainly larger than a needle valve, which would be used for pressure reduction in a
system without an expander, the size of the scrolls is quite modest.
Key aspects of the scroll design are as follows.
• The scroll has nearly three wraps in order to eliminate leakage directly from the inlet to the exit.  Instead,
refrigerant leaking through the device is caught in a downstream pocket.  This allows some energy recovery
from the leaked refrigerant.
• A small orbit radius was chosen to reduce sliding friction.  The tradeoff for reduction in orbit radius is increased
scroll tangential force and bearing loads.  An orbit radius was chosen to balance these trends.
• Short wall height is selected to assure good stiffness.
• The wall thickness was a tradeoff between leakage, which increases for thinner wall thickness, and scroll disk
size, which grows as the wall thickness increases.
• The flank and tip gap is intended to average 0.0003 inches [8 µm], which requires a machining tolerance of
0.0003 inches [8 µm] on all scroll surfaces.  This tolerance is achievable with modern CNC machining, but is a
reasonable limit for maintaining acceptable costs.
A scroll machine configuration has been developed which will allow for efficient transfer for the scroll output power
to a rotating shaft.  Key features of this design configuration are as follows.
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• Leakage is controlled by maintaining tight operating clearances between the scrolls.  This is accomplished by
using an axially and radially compliant design in which the scroll wall tips make contact with their mating scroll
disk.  As mentioned above, scroll machining tolerances will be tightly maintained at +/-0.0003 inches [8 µm] on
all surfaces.  This will allow an average gap of 0.0003 inches [8 µm], which is needed to keep leakage
reasonable.
• Leakage is “caught” by the additional wrap in the scrolls, which allows some useful work to be extracted out of
the leakage flow.
• Limited axial deflection of the scrolls disks is essential to help maintain small gaps and manage leakage.  This is
achieved by keeping the scroll disk diameter relatively small, and also by providing balance pressure loads on
both scrolls.  For the fixed scroll, the balance pressure load is provided by a circular pocket at the expander
inlet.  For the orbiting scroll, an annular pocket is used.  The annular pocket is fed high pressure refrigerant
from the center of the scroll through a small pressure equalization passage.  An annular shape is used for the
orbiting scroll to make room for the offset bearing, which takes power from the orbiting scroll.
Designs and CAD models for a few different power-output configurations of the scroll expander were developed.
These include shaft-output, an integrated expander/generator, an integrated first-stage compressor with an expander,
and integration with the main motor/compressor.  While a shaft-output configuration would be useful for proof-of-
concept testing, this arrangement would not likely be acceptable for service in a military ECU, because the leakage
associated with the shaft seal would necessitate regular addition of refrigerant charge every 2 or 3 years. The basic
scroll expander arrangement of the shaft-output design is adaptable to any of the possible configurations which
could be considered for making use of the power output in an ECU.
Weight estimates of the different expander configurations based on the CAD models for the first three
configurations are as follows.
• Shaft-output: 12 lb [5.5 kg]
• Hermetic expander/generator: 20 lb [9.1 kg]
• Hermetic expander/compressor stage: 28 lb [12.7 kg]
• Integration with main compressor:          5 to 7 lb [2.3 to 3.2 kg] added weight.
Crankshaft bearing loads for a shaft-output scroll expander have been calculated, and preliminary bearing selections










Ftd L2 = 2.75in [70mm] FR2
Figure  3:  Crankshaft Bearing Loads
Based on a conservative estimate of 200 lb [890 N] for the tangential drive force Ftd, the bearing forces and designs
are summarized in Table 5 below. Analysis was done based on the Cast Bronze Bearing Design Manual (Rippel,
1979).  Assumptions for the design are as follows.
• 3,500 rpm machine speed
• POE oil at 100 ºF [38 C] (viscosity of 10 centipoise)
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The crankshaft bearing loads can certainly be supported with bearings of reasonable size, and the frictional losses
associated with the bearings are small.  If the scroll expander were integrated with a two-stage rotary compressor,
the crankshaft bearings of the compressor serve as the crankshaft bearings for the expander.  By orienting the
eccentricity of the lower compressor stage 180º from the eccentricity of the scroll expander, loads on the compressor
crankshaft bearings will be reduced.
Table  5:  Crankshaft Bearing Design Summary---Hydrodynamic Bearings




Load (lb [N]) 200 [893] 275 [1,230] 75 [335]
Bearing Diameter (inch [mm])







Diametral Clearance (inch [µm])







Friction Loss (hp [kW]) 0.02 [.015] 0.05 [0.037] 0.01 [0.007]
Leakage of refrigerant through the scroll expander represents lost potential for energy recovery.  As mentioned
above, the design allows capture of some of the leaking refrigerant in downstream scroll pockets, where some useful
work can still be extracted from the leakage flow.  However, minimizing leakage will be of great importance in
attaining desired efficiency levels.
CFD analysis was done to estimate the leakage to be expected for the anticipated scroll expander design.  In
particular, the tip leakage at the inlet of the expander was estimated.  Key modeling parameters for this analysis are
as follows.
• Gap dimensions 0.0003” [8 µm] high by 0.2” [5 mm] long.
• Applicable tip length is about 4 inches [102 mm].
• Inner pocket pressure of 2,000 psia [138 bar], outer pocket pressure of 1,000 psia [69 bar].
• Fluid remains supercritical.
• Fluid models used:  Ideal gas, Liquid, Real Gas.  The real gas model used a property data correlation based on
literature data for supercritical CO2 (Hauck and Weidner, 2000).
The flow is turbulent with Reynolds number above 5000.  Tip leakage flow was calculated to be as follows for the
ideal gas and liquid fluid models.
• Ideal Gas:  0.105 kg/m/s, or 84lb/hr [38 kg/hr] for the 4-inch [102 mm] gap.
• Liquid:  0.201 kg/m/s, or 162lb/hr [74 kg/hr] for the 4-inch [102 mm] gap.
The real fluid behavior is expected to be somewhere between the ideal gas and liquid models in terms of
compressibility.  Flank leakage should add roughly 10% to this leakage flow, since the leakage line length for the
flank gap is about one-tenth that of the tip gap.  Hence, a conservative estimate of the leakage is 150lb/hr [68 kg/hr].
This leakage flow represents about 20% of the system design flow.  The CFD analysis does not take into
consideration the potentially mitigating effect of refrigerant flashing as it enters the two-phase region while passing
through the gap or the effect of oil.  The analysis shows that expander volumetric efficiency will be acceptable.
Finite Element Analysis (FEA) was done to determine the stress levels and deflections of the scroll disk.  The
analysis addressed the deflection issue of most concern for the performance of the scroll expander, i.e. the
possibility that the pressure loading would cause axial deflection of the scroll wall at the center of the scroll disk.
Such a deflection could potentially open the tip gap sufficiently to significantly increase the leakage flow and make
the device impractical.
The maximum stresses calculated for the orbiting scroll disk are about 6,500 psi [45 Mpa], well within stress limits
of any material which would be considered for the scrolls.  The tip deflections are on the order of 0.0001” [2.5 µm],
which is not likely to result in significant additional tip leakage, further enhancing confidence that the scrolls can be
made sufficiently stiff without making them extremely thick and heavy.
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Efficiency Projection
An estimate of the efficiency of the scroll expander has been made based on the preliminary design.  Estimates of
frictional losses are tabulated in Table 6 below.  These estimates are based on the hydrodynamic oil film bearings




























This efficiency level of 72% is significantly higher than the 60% assumption used in the cycle analysis, and suggests
that the benefits of the expander may be greater than initially estimated.
Table  6:  Expander Friction Losses
Surface Friction Loss (hp [kW])
Crankshaft Bearings (Outboard and Inboard) 0.06 [0.045]
Eccentric Bearing 0.02 [0.015]
Axial Contact/Shear Friction 0.05 [0.037]
Axial Balance Pressure Seals 0.01 [0.007]
Flank Contact Friction 0.03 [0.022]
Oldham Coupling 0.02 [0.015]
TOTAL 20 [0.15]
4. SYSTEM INTEGRATION
Four approaches for utilization of expander shaft power were considered, as discussed above.  Table 7 below
provides a comparison of key design attributes of these approaches.   Notes regarding assumptions and clarification
of calculations is presented below.
COP:  Percent changes are presented as compared with a system without an expander, for which overall COP is 1.21
(36,000Btu/hr [10.5 kW] capacity vs. 8.7kW input power).  A conservative estimate of 60% is used for expander
efficiency.  Using an expander instead of the evaporator blower motor does not allow full use of the expander output
power. However, the motor losses are also taken out of the evaporator side, thus reducing losses and increasing
capacity.  Motor efficiencies are assumed to be 90% for the compressor/expander and 86% for blower motors. For
the generator option, both compressor motor and generator losses are added to power input (generator efficiency of
86% is assumed).













COP Increase of Expander +19% +19% +23% +23%
Net Weight Impact (lb [kg]) -13 [-5.9] +15 [+6.8] +18 [+8.2] -2 [-0.9]







increase of 2 to 3
[50 to 75]











Net Weight Impact:  Gross component weights are adjusted by weight differences for affected components, in
particular for motors.  A 36,000 Btu/hr [10.5 kW] ECU system without an expander is the baseline.  The motor of a
compressor serving such a system is assumed to have a 35 lb [16 kg] weight and 9.2 hp [6.9 kW].  Motor weights
for the other systems are calculated assuming that motors are sized for the required loads and that they have the
same weight per power ratio as the baseline motor.  The evaporator blower motor is assumed to weigh 20lb [9.1 kg].
Weight savings of the compressor elements themselves (i.e. cylinders and pistons) are assumed negligible.  Weight
for the gas cooler is assumed to be proportional to gas cooler load, with is reduced 7% in an expander system.
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Based on important criteria such as COP impact, weight, size and packaging, the integration with a compressor
appears to be the most attractive option.  Integration with the evaporator blower would potentially be attractive
based on weight.  However, performance issues associated with the blower’s inability to utilize all of the expander
output power and the fact that insufficient blower power will be available during off-design conditions combined
with the added service associated with the open shaft make the evaporator blower approach less attractive.  The
generator approach is attractive because it is self contained, can be located anywhere within a system, and could be
controlled to provide mass flow control.  However, the added weight of this components makes it less attractive.
Weight and complexity are also key drawbacks to integration with a first-stage compressor.
5. CONCLUSIONS
A design concept for a scroll expander to be used for improving the performance of CO2-refrigerant cooling systems
has been developed.  The work indicates that the proposed design is manufacturable using conventional
manufacturing processes, is projected to operate at high efficiency levels, and will result in significant performance
improvement for ECU’s and air-conditioners which use CO2 refrigerant.  Key results of the work are as follows.
• Leakage losses are estimated to be approximately 20% for an expander serving a 36,000 Btu/hr [10.5 kW]
military ECU.
• Scroll disk stresses are low at less than 10,000 psi [69 Mpa], well within the stress limits of any material which
would be considered for the scrolls.
• Scroll disk axial deflections are low at about 0.0001 inch [2.5µm], due to the planned axial balancing approach.
• Friction losses represent a relatively small portion of the p-v work (about 15%).
• Our estimates of the overall efficiency of the expander is 72%.
• The system impact of the expander for a 36kBtu/hr [10.5 kW] ECU will be to reduce input power about 1.5 to
2kW, a reduction of close to 20% of the  power input of a CO2 system without an expander.
• Overall air-conditioning system weight increase associated with integration of the expander in a CO2 system is
expected to be small.  There may in fact be a net weight reduction.
• CO2 system performance with an expander will not be improved by the incorporation of a Suction Line Heat
Exchanger (SLHX).
NOMENCLATURE
CAD Computer-Aided Drafting CO2 Carbon Dioxide
COP Coefficient of Performance ECU Environmental Control Unit
SLHX Suction Line Heat Exchanger
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